Various thermoplastic polymers have been spun to nanofibers by the electrospinning method, in which a polymer solution is ejected as a fine jet of liquid from the tip of the needle and is deposited on the collector by applying a high voltage to the polymer solution in the syringe. Due to special characteristics of nanofibers such as nanometer sized diameter, high surface area to volume ratio, and higher alignment of molecular chain, they have been used for a wide range of applications such as medical scaffolds and air filters. The morphology and diameter of electrospun fibers are dependent on a number of processing parameters that include the properties of the solution, the operational conditions and the surrounding conditions. The influence of the humidity on the fiber diameter of nanofibers in the electrospinning process has not been clarified yet. Polyamide 6 is an industrially important polymer thanks to its excellent physical properties, e.g. high fatigue strength, low coefficient of friction, and high resistance to chemicals. In this study, the influence of the humidity on the fiber diameter of PA6 in the electrospinning process was investigated by SEM observation and its mechanical properties were evaluated by tensile test. As the amount of humidity increased, the fiber diameters decreased. The tensile strengths of PA6 nanofibers nonwoven fabrics which were electrospun at 25 % and 65 % of humidity were 49±5 MPa and 71±12 MPa, respectively.
Introduction
Nanofibers, which are fibrous materials whose diameter are nanometer-size and length are 100 times or more than their diameter, have such characteristics as nanometer sized diameter, high surface area to volume ratio, and higher alignment of molecular chain (Motomiya, 2006) . Due to these characteristics, nanofibers are expected to be used for a wide range of applications in environmental field, bio field, and IT field (Motomiya, 2006) (Zhuanga et al., 2014) . Particularly in the environmental field, due to the higher adsorption property of its surface and larger specific surface area than conventional fibers, nanofibers are used for air filters (Motomiya, 2004) . Nanofibers can be fabricated by the electrospinning method in which a polymer solution is ejected as a fine jet of liquid from the tip of the needle and is deposited on the collector by applying a high voltage to the polymer solution in the syringe. In the electrospinning method, the morphology and diameter of electrospun fibers are dependent on many different processing parameters such as the properties of solution, the operational condition, and the surrounding condition (Inagaki et al., 2012) . For example, there is a report that described as "the higher the humidity, the larger the diameter of PES/PET nanofiber" (Tang et al, 2009 ). On the other hand, in the case of PVP, nanofiber smaller diameter fiber was obtained under the higher humidity condition (Vrieze et al, 2009) . Since this influence of parameter depends on each polymer, unfortunately, optimal processing parameters have to be searched for each polymer. Many thermoplastic polymers such as PA6 (Kim et al, 2007) , PEO (Dror et al., 2012) , PMMA (Baji et al., 2010) , PAN (Pilehrood et al., 2012) and PLA (Tanaka et al., 2010 (Tanaka et al., , 2013 (Shao et al., 2011) were successfully fabricated to nanofibers by the electrospinning method. As polyamide 6 (PA6) is an industrially important polymer (Cai et al., 2008) due to its excellent properties, such as high toughness, high fatigue strength, chemical resistance, and inexpensiveness, PA6 has been used as air filter. In the previous study, it has been revealed that the use of smaller fibers leads to a reduction in the optimal penetrating particle size (Grafe et al., 2001) . Although the control of the fiber diameter is necessary for high performance air filters, the influence of the humidity on fiber diameter of PA6 nanofiber in the electrospinning method has not been clarified yet.
In this study, to evaluate the influence of the humidity on fiber diameter of PA6 nanofibers in the electrospinning process, PA6 nanofibers under various conditions were fabricated and tensile tests of PA6 nanofiber fabrics were conducted.
Influence of Humidity on Diameter of PA6 Nanofiber 2.1 Materials and Preparation of Polymer Solution
Polyamide 6 (Ube Industries, Ltd., Japan) was used for the material of nanofiber. Formic acid was used for melting of the PA6 pellets, and dichloromethane was used to enhance the volatilization of the solvent during the electrospinning process. The polymer solution was prepared by adding PA6 pellets (20 wt %) to DCM (dichloromethane) / FA (formic acid) (1:1 weight/weight : w/w), then the solution was stirred at 30 °C for 90 minutes.
To investigate the influence of humidity on volatilization speed of FA which was used for solvent and whose volatilization speed is much slower than DCM, the quantity of decrease of FA by volatilization at different humidities (25 %, 45 %, and 55 %) was measured for 600 seconds. Figure 1 shows schematic diagram of the electrospinning process and a photo of electrospinning system (NEU, Kato Tech) used in this study. Nanofibers were fabricated at room temperature and at different relative humidities of 25 %, 35 %, 45 %, 55 %, and 65 %, ±5 %. The potential difference between the needle tip and the target was varied from 3 kV to 30 kV, and the nanofibers were electrospun on the collector of aluminum foil at different electrospinning distances that were from 50 to 170 mm, between the needle tip and the collector. The feed speed of the syringe was set at 0.2×10
Fabrication method of PA6 nanofiber
Electrospun nanofibers were observed by a scanning electron microscope (SEM JSM-6390LT, JOEL Ltd., Japan), and their diameters were measured by an image processing software (Image J). Figure 2 shows the SEM observations of PA6 nanofibers that were electrospun at different conditions of humidity at the applied voltage difference between the needle tip and the target of 20kV. As the humidity increased, the fiber diameter became smaller. Figure 3 shows the fiber diameters of electrospun nanofibers measured by using SEM observation. There were significant differences in the diameters of each PA6 nanofiber, and fabrication under high humidity lead to small diameter of nanofibers.
Results and discussion
The diameters of PA6 nanofibers electrospun at different applied voltages of 3 kV -30 kV at 65 % or 35 % of humidity are shown in Table 1 . Nanofibers were not able to be fabricated at the conditions with symbol "*". The diameters of PA6 nanofibers which were electrospun at 65 % of humidity at 30 kV, 25 kV, and 20 kV of applied voltages (high humidity and high applied voltage) were similar to those at 35 % of humidity at 10 kV, 8 kV, and 6 kV of applied voltages (low humidity and low applied voltage). These results suggest that the high humidity with high applied voltage corresponds to the low humidity with low applied voltage. In high humidity, the voltage actually applied is considered to be approximately 30 % of the setting voltage due to current leakage. To fabricate nanofibers with small fiber diameter with low applied voltage, lower humidity is the key condition. Figure 4 shows the SEM observations of the morphology of PA6 nanofibers which were electrospun under the following conditions; the one was that the distances between the needle tip and the collector were 170 mm, 70 mm, 60 mm and 50 mm, at 65 % of humidity; and the other was that the distances were 170 mm, 120 mm, 110 mm and 100 mm, at 35 % of humidity. In the nanofibers which were electrospun at 65 % of humidity, the ribbon shaped nanofibers were observed at distances of 60 mm or less. In the case of 35 % of humidity, they were observed at 110 mm or less. Figure 5 shows the relationship between the humidity and volatilization speed of formic acid. The higher the humidity, the faster the volatilization speed of formic acid becomes. The ribbon shaped nanofibers were reported to be observed when the Table 1 The diameters of nanofiber electrospun at different applied voltages. Symbol "*" means that the nanofiber was not able to be fabricated (Mean ± S.D.). Volatilization speed of polymer solution reached to the collector before completion of the solvent volatilization (Koombhongse et al., 2001 ). Therefore, the distance which is required to complete volatilization of solvent of PA6 solution can be determined by the existence of ribbon shape of nanofiber at various electrospinning distances. While it takes 70 mm of distance to complete volatilization of the solvent at 65 % of humidity, it takes 120 mm of distance to complete it at 35 % of humidity. Considering from the fact that formic acid is easy to volatilize under high humidity as shown in Fig.6 , the condition under high humidity requires short distance to complete volatilization of the solvent. As shown in Fig.4 , at 65 % and 35 % of humidity, the distances which are necessary to complete volatilization of the solvent were 70 mm and 120 mm, respectively. Figure 6 shows the fiber diameters of PA6 nanofiber, at the distance of just after completion of solvent volatilization, and at the distance of 170 mm at 35 % and 65 % of humidity. In each humidity condition, there is no significant difference in fiber diameter. This result suggests that PA6 nanofiber is hardly stretched after completion of solvent volatilization.
Based on these results, effect of humidity on diameter of PA 6 nanofiber in electrospinning process is explained by Figure 7 . In the condition of high humidity, the applied voltage is decreased by leakage current which flows into water molecule in the air. Thus, the power to carry the solution is weakened, and a small amount of the solution is transported. Due to the property of formic acid which is faster to volatilize in higher humidity, volatilization of the solvent completes quickly. As the polymer without the solvent is hardly stretched after volatilization distance, the fiber diameter doesn't become thin. On the other hand, in the condition of low humidity, the applied voltage is hard to leak into water molecule in the air. So, both the power to carry the solution and the quantity of transported solution also remain the same. As volatilization of the solvent completes slowly, longer volatilization distance is needed.
Evaluation of Tensile Properties of PA6 Nanofiber Nonwoven Fabrics 3.1 Material and Method
The two types of nonwoven fabric of PA6 nanofibers which were electrospun at different humidities of 25 % (to be referred as PA6-25) and 65 % (PA6-65) were used for tensile tests. The diameters of nanofibers for PA6-25 and PA6-65 are 1.1±0.1 m and 0.3±0.1 m, as shown in Fig.3 . Figure 8 shows the procedure to prepare the tensile test specimen of PA6 nanofiber nonwoven fabric. A frame made of polyester film was used to take off the PA6 nanofiber nonwoven fabric from the collector and the punching die was used to cut out the dumbbell shaped specimen. The cross sections of the PA6 nanofiber nonwoven fabrics which were used for calculation of stress were calculated by the thickness (Calculation method will be described in the following.) and the width of the test specimen. The thickness of the test specimen was calculated by the weight of nonwoven fabric and the specific gravity of PA6 raw material. Figure 9 shows the shape of the tensile test specimen of PA6 nanofiber nonwoven fabric. Tensile tests were conducted by using a universal testing machine (EZgraph, Shimadzu Co., Japan) at a displacement rate of 1 mm/min, equipped with a 100 N load cell. 
Results and discussion
Figures 10 and 11 show the stress-strain curves and tensile strengths of nonwoven fabrics of PA6 nanofibers which were electrospun at 25 % and 65 % of humidities. In the elastic region, the slopes of both PA6-25 and PA6-65 were approximately same. In the plastic region, however, the slope of PA6-25 was gentler than PA6-65. The tensile strength of PA6-25 was 49±5 MPa, and that of PA6-65 was 71±12 MPa.
As shown in Fig.10 at the points of maximum strength of PA6-25 and PA6-65, their stress-strain curves fall gently. Since the nanofiber fabrics are thought to disentwine, they are considered to be broken in accordance with the breaking strength of each fiber.
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Fig. 10 Stress-strain curves of PA6 nanofiber nonwoven fabric electrospun at 25 % and 65 % of humidities. PA6-25 PA6-65
